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Chapter 8
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Cytochrome c oxidase harnesses dioxygen (O2) as the terminal electron acceptor 
in the respiratory chains of mitochondria and many aerobic bacteria, and was 
appropriately named The Respiratory Enzyme (Das Atmungsferment) by Otto 
Warburg. Its catalytic activity completes the oxygen cycle in biology, which starts 
by the water-splitting reaction of photosynthesis, amply covered elsewhere in this 
volume. The mechanism of catalysis of cytochrome c oxidase is largely known 
today, but some uncertainty remains with respect to the ferric/cupric intermediate 
of the binuclear heme iron/copper centre, which is to be discussed here. 
1. Introduction
Spectroscopic data gathered by several laboratories over the last half century has 
revealed the key aspects of the catalytic mechanism of cytochrome c oxidase and 
identified the corresponding structures of intermediates of the active binuclear 
centre (BNC), which consists of a heme group, a histidine-ligated copper ion 
nearby, and a tyrosine residue covalently bonded to one of the copper histidines 
[Wikström et al., 2018]. The chemical nature of this important tyrosine was first 
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2 M. Wikström and V. Sharma
reported by Yoshikawa et al. on the basis of one of their early X-ray structures of 
cytochrome c oxidase from bovine heart mitochondria [Tsukihara et al., 1996].
Figure 1 depicts the catalytic cycle schematically. The reduced intermediate 
R reacts with O2 to form the oxygen-bound intermediate A (about 10 ms at room 
temperature and 1 mM O2) in which charge transfer from heme iron to the ligand 
makes this a ferric-superoxide structure. In the absence of a donor electron in the 
adjacent heme a, the next step is an exergonic splitting of the O–O bond (ca. 200 
ms) using two electrons from the heme iron, one from the copper and the fourth 
from the tyrosine in the active site, which also donates a proton to form the neu-
tral tyrosyl–histidine ligand of Cu[II]. This yields the highly oxidised so-called 
PM state. In contrast, if the donor heme a is reduced it delivers the electron to the 
BNC instead of the tyrosine, which only donates the proton (ca. 25 ms). The 
result is then state PR with ferryl heme, Cu[II]–OH- and tyrosinate anion 
[Morgan et al., 2001]. 
It is noteworthy that O2 binding is highly reversible with a KD as high as ca. 
0.3 mM [Chance et al., 1975;Verkhovsky et al., 1994]. By contrast, the conversion 
of intermediate A to PM is exergonic with a free energy change of ca. –5 kcal/mol 
[Blomberg, 2016]. The four subsequent reaction steps all involve net uptake of an 
Figure 1.  Catalytic cycle of cytochrome c oxidase. The rectangular boxes encompass the binuclear 
centre (BNC), including heme a3, CuB and the tyrosine covalently linked to one of the three histidine 
ligands of CuB (histidines not shown). The name of the catalytic intermediate is given next to the 
box. Red arrows with protons (H+) denote proton-pumping events; black H+ denotes uptake of a 
“substrate proton”. tyr–O* denotes a neutral tyrosine radical. The alternative structure of the acti-
vated state OH (Fe[III]–-OH- Cu[I] TyrO*) and relaxation of OH to the resting state O are not 
depicted, but later discussed extensively in the text.
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 Cytochrome c Oxidase — Remaining Questions About the Catalytic Mechanism  3
electron and a proton to the BNC, and are each linked to pumping of an additional 
proton from the negatively charged N-side of the membrane to the positive P-side 
(red arrows) [Verkhovsky et al., 1999]. In the first of these steps, the P intermedi-
ate is converted to the F state (100–150 ms), and then the latter transforms into 
state OH (ca. 1.5–2 ms).
2. The Enigmatic O States
Whilst the BNC structures of intermediates R, A, PM, PR, and F are well-
established (see above and Figure 1), the structures of the ferric/cupric O states 
(OH in Figure 1) still presents problems. Proton translocation (red arrows, Figure 
1) has been shown to occur in all four reaction steps associated with transfer of an 
electron to the BNC [Verkhovsky et al., 1999], but three observations seemed to 
be in contrast to such a conclusion. First, the injection of an electron into 
cytochrome c oxidase, as isolated, where the BNC is in the resting ferric/cupric 
state, resulted in fast electron transfer (eT) to heme a, but very sluggish further eT 
to the BNC, and no proton translocation [Verkhovsky et al., 1999; Bloch et al., 
2004]. Secondly, classical anaerobic equilibrium redox titrations of cytochrome 
oxidase, either in mitochondria or of the isolated mitochondrial or bacterial 
enzyme, showed midpoint redox potentials (E
m
) of heme a3 (Fe[III]/Fe[II]) and 
CuB (Cu[II]/Cu[I]), i.e. the two transitions on the left hand side of Figure 1, of less 
than 400 mV [Gorbikova et al., 2006]. Since the donor, cytochrome c, has an E
m
 
of ca. 250 mV, the approximate driving force for electron transfer between the 
donor and the BNC would be only some 150 mV, which is far too low to drive 
protonic separation of two charges across a typical protonmotive force across the 
membrane of some 200 mV (one of those charges is due to the proton pump; the 
other from the combination of eT from cytochrome c to the BNC and uptake of 
one proton per electron by the latter to complete oxygen reduction chemistry).
Thirdly, the sum of free energy changes in the catalytic cycle must match the 
free energy change of the overall reaction, i.e. O2 reduction to water by cytochrome 
c. The approximate E
m
 values are known from experiments for the two first redox 
couples, PM/F and F/O to be of the order of 800 mV each [Wikström et al., 2018], 
the free energy change of the conversion of A to PM is ca. –5 kcal/mol (~220 meV) 
(see above), and the free energy change of O2 binding (R→A) is close to zero (see 
above). This means that the average E
m
 value of the remaining two redox couples 
(O/E and E/R) must be of the order of 690 mV, i.e. much higher than measured in 
redox titrations (< 400 mV).
Based on these three findings, we proposed that the ferric/cupric state of 
the BNC in the resting enzyme (we called it state O) is not normally involved in 
the catalytic cycle, which would instead work with an activated form called OH. 
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4 M. Wikström and V. Sharma
The subscript H stemmed from the discovery by Rousseau et al. [Han et al., 1990] 
by resonance Raman spectroscopy of a high-spin ferric hydroxy intermediate that 
followed the F state in the catalytic sequence. When electron donation to the 
enzyme ceases, we proposed that the OH state spontaneously relaxes into the O 
state with lower energy and with a considerably lowered E
m
. This notion was sup-
ported by the finding that electron injection at a sufficiently early stage after oxi-
dation of fully reduced enzyme (~100 ms), indeed led both to fast transfer of the 
electron to the BNC, to proton pumping, and finally to reduction of CuB alone, 
indicating a much higher E
m
 than that observed in redox titrations [Bloch et al., 
2004; Belevich et al., 2007].
One confusion in the field stems from the fact that the ferric/cupric “as iso-
lated” enzyme (i.e. what we here call the O form) can in itself exist in different 
forms, pulsed vs. resting, and slow vs. fast [Moody et al., 1991]. Here, whilst the 
structural difference between these forms remains unknown, the fast form has 
been shown to best correspond to native oxidised enzyme in mitochondria, and the 
method of its purification is well-established.
In an attempt to test the postulated structural and functional difference 
between the O and OH states, Jancura et al. [ 2006] studied the rate of heme a3 
reduction of “fast” bovine cytochrome c oxidase by hexaamineruthenium plus 
dithionite (reduction of CuA and heme a is very fast and occurred within the time 
of mixing in the flow apparatus). The OH state was produced by mixing reduced 
enzyme with O2 in the presence of the two reductants, whereas reduction of state 
O was assessed by mixing enzyme anaerobically with the reductants. No signifi-
cant difference in heme a3 reduction rate was observed in the two conditions. It is 
noteworthy, however, that the observed rates of heme a3 reduction were 80–90 s-1 
in the OH conditions, and nearly the same for the state O conditions, which is only 
some 15% of the maximum turnover of bovine enzyme (see e.g. [Riegler et al., 
2005]). The corresponding rates of heme a3 and CuB reduction deduced from 
freeze-quench EPR data [Jancura et al., 2006] were only ca. 5 s-1. The suspicion 
thus arises that the employed reductants may have limited the rate and therefore 
did not reveal the OH intermediate.
In a more recent account by Vilhjálmsdóttir et al. [2018] the complex of 
cytochrome c with cytochrome c oxidase was tested for the occurrence of state OH. 
In this system the fully reduced oxidase was supplemented with an additional 
electron in the form of the bound cytochrome c. It was thus expected that when 
the enzyme reacted with O2 it would immediately have an additional electron 
available after forming the activated OH intermediate, and thus lead to a situation 
in which CuB has a high redox potential and would readily accept that electron. 
However, the optical spectroscopic experiments revealed no preference for reduc-
tion of CuB. In contrast, the “extra electron” was mainly distributed between 
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 Cytochrome c Oxidase — Remaining Questions About the Catalytic Mechanism  5
Figure 2.  Hypothetical fate of the OH intermediate in the experiment by Vilhjálmsdóttir et al. 
[2018]. The insert in the marked square shows a possible reaction scheme of what may happen after 
primary relaxation of the F state into OH. The numbers denote approximate reaction velocities in 
ms-1. All reactions are assumed to be irreversible for simplicity. The graph shows a simulation of this 
system with the F state (red trace) fully occupied initially. The other curves show the time depend-
ence of the E state (purple), the EH state (blue), the OH state (yellow), and the O state (green).
cytochrome c, CuA and heme a, with preference for the latter, but with very little 
contribution from the BNC, which remained highly oxidised. 
This experimental approach is interesting, and we can only suggest one reason 
for why it may not have revealed the nature of the OH state. 
Figure 2 (inset) shows a scheme of how the F intermediate (see Fig. 1) turns 
into OH, and then how OH might initially be converted to an activated (and hypo-
thetical) EH state, which relaxes into an E state, where redox potentials correspond 
to those found in anaerobic equilibrium redox titrations. As shown in Figure 2 
(main panel), under the kinetic conditions of the scheme (insert) the EH state with 
a high redox potential for CuB would not be sufficiently occupied to be observed 
in the experiments by Vilhjálmsdóttir et al. [ 2018].
3. The Structures of the OH and O States
Earlier, based on density functional theory (DFT) calculations [Sharma et al., 
2013], we suggested a structure of the activated OH state of the BNC (see Figure 1) 
in which the CuB center possesses a high redox potential necessary to catalyze 
redox-coupled proton pumping in the OH → EH transition of the catalytic cycle 
(see [Verkhovsky et al., 1999; Bloch, et al., 2004]). In a considerable fraction of 
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6 M. Wikström and V. Sharma
this structure, CuB attains a cuprous (Cu[I]) electronic character together with an 
unpaired electron on the cross-linked Tyr, formally written as Fe[III]–OH- Cu[I] 
TyrO*. In this state it was observed that the distance between Cu and Fe is 
reduced to ca. 4Å, and that the hydroxy ligand of Fe is also a weak ligand of Cu, 
forming a m-hydroxo bridge between the metals, also observed in a number of 
compounds synthesized to mimic the oxidase active site [Obias et al., 1998; 
Hematian et al., 2015]. Later on, Blomberg and Siegbahn [ 2015], reached the 
same structure of the active site in the OH state, and remarkably similar results 
were also obtained by computational studies of the structurally similar active site 
of the ba3 oxidase from Thermus thermophilus [Du and Noodleman, 2015]. In 
contrast to the overall good agreement on the structure of the active site in the OH 
state, the identity of the relaxed O state remains less certain. In our earlier work, 
we suggested that the structure of the O state is (Fe[III]–OH2 -HO–Cu[II] TyrO-) 
with a proton being shared between the OH groups of the two metals. A similar 
structure of the O state was initially proposed by Blomberg and Siegbahn based 
on DFT calculations [Blomberg and Siegbahn, 2014]. However, in their later 
studies [Blomberg and Siegbahn, 2015] it was suggested that state O may have 
the two-hydroxy structure Fe[III]–OH-  -HO–Cu[II] TyrOH, which despite being 
higher in energy than state OH, has lower redox potential of the active site, a 
characteristic in agreement with experimental data. Two additional structures of 
O states were further considered, OB and OP+, the latter with an extra proton in 
the BNC [Blomberg and Siegbahn, 2015]. Because no magnetic coupling was 
found for the two-hydroxy structure, and its higher energy, it was concluded that 
the OP+ structure (Fe[III]–OH-…Cu[II] TyrOH) is the best candidate for the 
relaxed O state with a calculated exchange coupling (J) of ~114 cm-1 [Blomberg 
and Siegbahn, 2015]. 
By using the available coordinates of the two-hydroxy O and OH states 
[Blomberg and Siegbahn, 2015], we performed single-point DFT calculations 
using the B3LYP functional [Becke, 1993; Lee et al., 1988] and the def2-TZVP 
basis sets [Weigend and Ahlrichs, 2005] (dielectric constant of 4 with dispersion 
corrections [Grimme et al., 2010]), and constructed a state similar to our earlier 
proposal of the O state structure, viz. (Fe[III]–OH2 -HO–Cu[II] TyrO-). We again 
(cf. [Sharma et al., 2013]) found the latter shared-proton-structure to be ca. 16 
kcal/mol lower in energy than the two-hydroxy O state, which is at the same 
energy level as the OH state (high spin) in agreement with our earlier estimates 
[Sharma et al., 2013], as well as with those of Blomberg and Siegbahn [ 2015]. 
Moreover, we further tested our models [Sharma et al., 2013] by removing an 
extra water molecule that hydrogen bonded the oxygenous ligands of the metals 
to tyrosine, and then found the OH state to be ca. 10 kcal/mol higher in energy than 
the O state (Fe[III]–OH2 -HO–Cu[II] TyrO-), which has no unpaired electron on 
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 Cytochrome c Oxidase — Remaining Questions About the Catalytic Mechanism  7
tyrosine in contrast to the OH state. Overall, the data supports the idea that 
(Fe[III]–OH2 -HO–Cu[II] TyrO-) could be the relaxed O state with a low redox 
potential of CuB due to no unpaired spin on tyrosine and due to the copper 
hydroxyl ligand. When we calculate the magnetic coupling constant (J) of this 
state using the Yamaguchi formulation [Soda et al., 2000], we find it to be ca. 
7 cm-1. This weak exchange coupling is actually in excellent agreement with the 
most recent experimental observations [Oganesyan et al., 1998; Hunter et al., 
2000; Cheesman et al., 2004], which suggest, in contrast to previous belief, that 
the magnetic coupling in the fully oxidised relaxed state of the heme-copper oxi-
dases is very weak, of the order of ~1 cm-1. Interestingly, this is also in line with 
the extent of magnetic coupling of ca. 4–6 cm-1 between iron and copper in the PR 
intermediate [Morgan et al., 2001].
4. Peroxide in the Active Site?
X-ray structures of cytochrome c oxidase from different sources have been inter-
preted to have a peroxide ligand bridging ferric Fe and cupric Cu in the BNC (see 
[Andersson et al., 2017] for citations) in the state that we have named state O here. 
Yoshikawa et al. [1998], who first made this suggestion, have made it very clear 
that the resting ferric/cupric state in which a peroxide is postulated is not a state 
of the enzyme active in catalysis. Indeed, there is no proposal available about how 
a ferric/cupric peroxide state O would fit any reasonable catalytic mechanism. 
Yoshikawa et al. [Mochizuki et al., 1999] reported that titration of the bovine 
enzyme revealed uptake of six and not four reducing equivalents on full reduction 
of enzyme in state O, in support of a peroxide ligand. Earlier work by others (ref-
erences in [Mochizuki et al., 1999]) had reported uptake of four reducing equiva-
lents, but Yoshikawa et al. ascribed those findings to contamination of the earlier 
non-crystalline enzyme preparations with iron. However, that would hardly 
explain the classical data of Vanneste [1966], which was based on pyridine hemo-
chrome determination. In addition, Mitchell et al. [1992] found that by reducing 
bovine heart oxidase with carbon monoxide, or treating enzyme in state O with 
hydrogen peroxide, two or three protons were taken up on forming the P and F 
states, respectively, from state O (see Figure 1), which is incompatible with an 
initial ferric/cupric peroxide structure. Bränden and co-workers [Andersson et al., 
2017] recently reported the structure of cytochrome ba3 from Thermus thermophi-
lus, using serial femtosecond crystallography with lipid cubic phase microcrystals 
at room temperature. This work, which showed a single water or hydroxide 
between the metals in the BNC, also provides an ample summary of the X-ray data 
of the binuclear site of heme-copper oxidases collected from different species and 
by different techniques.  
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8 M. Wikström and V. Sharma
5. Discussion
The OP+ structure (Fe[III]–OH-…Cu[II] TyrOH) suggested by Blomberg and 
Siegbahn [Blomberg and Siegbahn, 2015] as the best alternative for the relaxed O 
state is ca. 6.5 kcal/mol lower in energy compared to the OH state. However, the 
extra proton in the BNC is a source of problems. First, FTIR experiments 
[Gorbikova et al., 2008] have shown that the pK
a
 of the tyrosine is ~6.6 in the O 
state, indicating that only a small fraction of the tyrosine may be protonated at the 
neutral or slightly alkaline pH of most experiments. Secondly, the extra proton 
would increase the net charge of the BNC to +2. Actually, we should include the 
heme a3 propionates in such an assessment, in which case the total charge of the 
BNC is zero in all intermediates of the catalytic cycle known so far. In the OH 
state, for example, the ferric (+3), porphyrinate (-2) and hydroxide (-1) yields a 
charge of zero, and the cupric copper (+2) plus tyrosinate (-1), gives a total charge 
of +1. However, whilst the charge of the heme a3 D-propionate is neutralised by a 
conserved arginine residue, the negative charge of the A-propionate is not, so that 
the overall charge is zero. To invoke an additional charge in the BNC (as in the OP+ 
structure) would be expected to be very costly in such a low dielectric environment 
(see e.g. [Kaila et al., 2010]). Thirdly, the source of the postulated extra proton is 
problematic. Just a little less than two protons are known to be taken up from the 
external medium on oxidation of the fully reduced enzyme [Mitchell et al., 1992; 
Mitchell and Rich, 1994], and uptake of one proton each must be attributed to the 
P→F and F→OH steps (Figure 1) (the slight downward deviation from two pro-
tons can be attributed to the weak proton–electron linkages of the redox transitions 
of the two hemes and of CuA).
The relaxed O state structure that we are suggesting (Fe[III] –OH2 -HO–Cu[II] 
TyrO-) is at least 10 kcal/mol lower in energy than the OH state, exhibits the depro-
tonated tyrosinate in accordance with FTIR data (see above), and has a redox 
midpoint potential considerably lower than the OH state. It is presumably formed 
from the “activated” OH state after diffusion of a water molecule from the apolar 
cavity next to the BNC into the active site [Sharma et al., 2013]. 
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